Papillary thyroid cancer (PTC) is one of the most common endocrine malignancies associated with significant morbidity and mortality. Although multiple studies have contributed to a better understanding of the genetic alterations underlying this frequently arising disease, the downstream molecular effectors that impact PTC pathogenesis remain to be further defined. Here, we report that the regulator of cell fate specification, PROX1, becomes inactivated in PTC through mRNA downregulation and cytoplasmic mislocalization. Expression studies in clinical specimens revealed that aberrantly activated NOTCH signaling promoted PROX1 downregulation and that cytoplasmic mislocalization significantly altered PROX1 protein stability. Importantly, restoration of PROX1 activity in thyroid carcinoma cells revealed that PROX1 not only enhanced Wnt/β-catenin signaling, but also regulated several genes known to be associated with PTC, including thyroid cancer protein (TC)-1, SERPINA1, and FABP4. Furthermore, PROX1 re-expression suppressed the malignant phenotypes of thyroid carcinoma cells, such as proliferation, motility, adhesion, invasion, anchorage-independent growth, and polyploidy. Moreover, animal xenograft studies demonstrated that restoration of PROX1 severely impeded tumor formation and suppressed the invasiveness and the nuclear/cytoplasmic ratio of PTC cells. Taken together, our findings demonstrate that NOTCH-induced PROX1 inactivation significantly promotes the malignant behavior of thyroid carcinoma, and suggest that PROX1 reactivation may represent a potential therapeutic strategy to attenuate disease progression Edited Precis: This study provides new insights into a potentially actionable molecular alteration underlying progression of aggressive thyroid cancers.
INTRODOCUTION
Thyroid carcinoma is one of the most common and fast rising endocrine malignancies with significant morbidity and mortality over past decades. Subtypes of thyroid carcinoma include well-differentiated papillary and follicular forms, with a gradual progression to the more undifferentiated anaplastic thyroid carcinoma. In recent years, the incidence of thyroid carcinoma has been rising steadily, largely due to increased diagnoses of the papillary variant of this disease (1) . Approximately 80% of all thyroid cancers diagnosed in the United States are papillary thyroid cancer (PTC). Surgical resection along with radioactive iodine treatment is currently the principal procedure in management of PTC. While PTC responds very well to surgical and therapeutic intervention, a small subset of tumors progress to undifferentiated anaplastic type and become extremely aggressive with a significantly decreased survival rates.
The genetic events underlying the initiation and progression of PTCs have been extensively studied and most of these alterations result in increased activation of the mitogen-activated protein kinase (MAPK) signaling pathway. One such mechanism is through chromosomal rearrangements giving rise to the chimeric oncogene RET/PTC, where the C-terminal kinase domain of the RET transmembrane tyrosine kinase receptor is fused to one of a number of possible upstream partners, resulting in its constitutive activation. Another common genetic alteration is mutations in the BRAF gene, typically a V600E gain-of-function mutant form of the BRAF protein. Constitutive activation of the AKT pathway has also been reported in PTCs.
In this study, we demonstrate that PROX1 mRNA expression was decreased in thyroid cancer specimens compared to adjacent normal tissues, and that activated NOTCH signaling was identified as the causative mechanism. Interestingly, PROX1 protein was mislocalized to the cytoplasm and gained increased protein stability. When PROX1 function was restored in PTC, it profoundly suppressed not on April 14, 2017. © 2015 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on November 25, 2015; DOI: 10.1158/0008-5472. CAN-15-1199 only the expression of genes whose expression has been associated with thyroid cancer development, but also the malignant phenotypes of thyroid carcinoma in vitro and in vivo. Together, we conclude that inactivation of PROX1 activity, through transcriptional downregulation and/or protein mislocalization, profoundly contributes to the carcinoma phenotypes and may represent an essential event in thyroid cancer development.
METHODS

Reagents, Cell Cultures and Tissue RNA Samples
BCPAP, TPC1 and 8508c cells were authenticated by the University of Arizona Genetics Core.
BCPAP-Ctr and BCPAP-Prx cell were generated as follows. BCPAP cells were infected with rTTA2 or empty lentivirus (from Dr. Wange Lu, University of Southern California) and transfected either with pIRES-hygromycin vector (Clontech) to generate BCPAP-Ctr cells, or with Flag-PROX1-IREShygromycin vector to make BCPAP-Prx cells. Two representative clones were chosen for further studies. PROX1 expression was induced with 0.5 µg/ml doxycycline (Dox) for 48 hours. RNA sequencing data using BCPAP-Ctr and BCPAP-Prx cells were deposited in Gene Expression Omnibus (GEO) (Accession No. GSE75059). PROX1-expressing TPC1 and 8508c stable cells were generated by transfecting each cell line with pcDNA3 or pcDNA3-Flag-PROX1, followed by G418-based selection.
After 3 weeks, multiple colonies of G418-resitant cells were pooled together for further expansion and studies. RNAs from PTC (GSE3678) and goiter nodule tissues (2) were previously described.
Cell Behavior Assays
5-Bromo-2′-deoxyuridine (BrdU, Sigma-Aldrich Co.) -mediated proliferation assay was performed as previously (3) . Cell motility was determined by allowing cells to move on the colloidal gold-covered surface and measuring their migrated tracks, as previously described (4). Monolayer scratch assay was performed as previously described (5) . Invasive phenotype was measured as previously described (6) .
The anchorage independent growth assay was performed in soft agar as previously described (7). 
Analysis of Gene Expression Database
We performed the comparative analyses of gene expression profiles using various web-based bioinformatics tools. To retrieve and extract the deposited expression data and to systematically integrate and interpret the datasets, the Oncomine integrated data mining platform (www.oncomine.org) (8) , NextBio Disease Atlas (www.nextbio.com) (9) and Gene Expression Omnibus (GEO) statistical tool (http://www.ncbi.nlm.nih.gov/geo/) were reciprocally employed. Subsequently, computational analyses for the functional relationships were carried out using Ingenuity Pathway Analysis (IPA) (www.ingenuity.com).
Immunohistochemistry, Fractionation and Western Blotting Assay
Thyroid tissue microarray was purchased from Cybrdi, Inc. (Rockville, MD). Tissue sections were deparaffinized by successive washes in xylene and decreasing concentrations of ethanol from 100% to 70%. Antigen retrieval was performed by immersing slides in boiling sodium citrate buffer (pH) for 20 minutes, followed by quenching of endogenous peroxidase activity using 0.1% hydrogen peroxide in methanol. WTBS solution (Triton X-100, BSA goat serum in TBS) was used for blocking and antibody incubations. Sections were incubated with primary antibody overnight at 4 °C, followed by washing in TBS and incubation in secondary antibody for 30 min at RT. PROX1 antibodies used were obtained from ReliaTech GmbH and Covance Inc. Cycloheximide treatment of cells was carried out by treating cells with 100 µg/ml of cycloheximide (Sigma-Aldrich Co.), followed by preparation of whole cell lysate or fractionation as described above. Samples were then boiled in western loading buffer and separated by SDS-PAGE. The source of antibodies used for western blotting analyses were PROX1 (EMD Millipore), actin (Sigma-Aldrich Co), tubulin and lamin (Santa Cruz Biotech, Inc). Animal experiments have been pre-approved by the University of Southern California Institutional Animal Care and Use Committee (IACUC). Tumor growth studies were performed as described previously (10) . Briefly, three million BCPAP-Ctr and BAPAP-Prx cells were subcutaneously injected into the left and right back skin area of NOD-SCID IL2Rγnull mice (the Jackson Laboratory). While mice in the control group (n = 4) were housed with normal drinking water, the treated group (n = 5)
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were provided with Dox-containing drinking water from day 1 (2 mg/mL in 5% sucrose water). After 28 days, tumors were harvested to measure their wet weights and analyzed for their histology.
Statistical Analysis
Student t-test (two-tailed) was used to determine whether the differences between the experimental and control groups were statistically significant. The analyses were performed using Microsoft Excel (Microsoft Office) and GraphPad PRISM6 (GraphPad Software, Inc).
More extensive details of experimental methods can be found in Supplemental Information.
RESULTS
PROX1 is downregulated in various types of thyroid carcinoma.
Using the Oncomine integrated data mining platform (8), we performed a comprehensive analysis of PROX1 expression profiles in normal thyroid tissues versus various types of thyroid cancers (a total of 97 clinical samples including papillary, follicular and undifferentiated thyroid cancers) that were reported in a previous study (11) . This analysis revealed that thyroid carcinoma cells show a consistent downregulation of PROX1 by more than 2-fold (p < 1E-4) compared to normal thyroid tissues ( Figure   1A ). PROX1 downregulation in thyroid cancers was also confirmed using another set of thyroid cancer gene profiling study ( Figure 1B) (12) . Moreover, we performed analyses against additional public repositories (13-16) to investigate PROX1 expression through NextBio Disease Atlas (9) and consistently found PROX1 downregulation in various thyroid cancers ( Figure 1C ). Moreover, PROX1 
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mRNA level was compared in PTCs vs. their adjacent normal tissues from the same patients using Gene Expression Omnibus (GEO) statistical tool against two independent data sets (GSE3467, GSE3678), which revealed PROX1 downregulation in PTCs relative to their matched normal tissues ( Figure 1D,E) . This finding was verified by quantitative real-time RT-PCR (qRT-PCR) ( Figure 1F ). Our expression analyses using GEO Data Set GSE27155 (11, 17) showed that PROX1 expression was not affected by mutational status of BRAF and K/N/H-RAS genes or RET-PTC gene rearrangement.
Notably, PROX1 downregulation can be already detectable in follicular adenomas and oncocytic adenomas ( Figure 1A ), implying that this genetic event may happen in the early stage of follicular carcinogenesis. Therefore, we compared PROX1 expression between normal and goiter nodule tissues, but did not find any changes in PROX1 expression (n=15, Figure 1G ). Together, our analyses found that PROX1 is consistently downregulated in various types of thyroid cancers.
Activated NOTCH signaling underlies PROX1 downregulation in thyroid cancer cells.
We next set out to define the mechanism for PROX1 downregulation and asked whether PROX1 upstream regulators are also altered in the 133 clinical cancer samples collected from 3 independent studies (11, 12, 18 ) through a combined analysis using Oncomine and Ingenuity Pathway Analysis (IPA), a web-based analysis tool for genomic data. In particular, we focused on two upstream regulators of PROX1, namely NOTCH and TGF-β pathways (19) (20) (21) . Indeed, NOTCH downstream effectors HEY1 and HEY2, both of which have been identified as negative regulators of PROX1 (22) , were upregulated in thyroid cancers with an integrated statistical significance of HEY1 (p = 0.053) and HEY2 (p = 9.16E-4) (Figure 2A ). This finding is consistent with previous studies reporting activated NOTCH pathway in thyroid cancers (19) (20) (21) . Upregulation of HEY1 and HEY2 is also supported by previous thyroid gene expression profiling studies (Supplemental Fig. 1A,B) . Notably, the NOTCH ligand JAG2 was found to be upregulated (p = 0.012), while expression levels of the other NOTCH ligands (DLL1, DLL3, DLL4
and JAG1) and NOTCH receptors (NOTCH1-4) were not altered. In addition, analyses of GSE3678 Figure 2B ). HEY1 upregulation was not found to be statistically significant in this set of samples. HEY2 upregulation in these matched clinical samples was further confirmed using qRT-PCR ( Figure 2C ). We then inhibited NOTCH receptors in a PTC cell line, BCPAP, using a γ-Secretase inhibitor DAPT or siRNA against NOTCH1, and found that PROX1 expression was concomitantly increased upon inhibition of NOTCH signaling ( Figure 2D ,E). In contrast, inhibition of TGF-β did not upregulate PROX1 in BCPAP (data not shown). We next knocked-down the expression of HEY1, HEY2 or both using siRNAs in BCPAP and TPC1. Whereas inhibiting either HEY1 or HEY2 alone did not alter PROX1 expression, a combined knockdown of both genes resulted in a synergistic upregulation of PROX1 ( Figure 2F ,G). Together, these data indicate that activated NOTCH pathway underlies PROX1 downregulation in thyroid cancers and that HEY1 and HEY2 synergistically downregulate PROX1.
PROX1 protein is mislocalized to the cytoplasm with increased protein stability in thyroid cancer cells.
We next performed immunohistochemistry (IHC) analyses against PROX1 using a thyroid cancer tissue array. Unexpectedly, while normal thyroid epithelial cells showed a clear nuclear staining of PROX1, most thyroid cancer cells showed both nuclear and cytoplasmic localization of PROX1 protein, and their PROX1 protein level did not reflect the above-demonstrated mRNA downregulation ( Figure 3A ). To address this discrepancy in PROX1 mRNA vs. protein levels, we first studied the subcellular localization of PROX1 protein in two different thyroid cancer cells, BCPAP and TPC1. An immortalized thyroid follicular epithelial cell line, Nthy-ori 3-1, was explored as a positive control for PROX1 localization, however, we failed to detect PROX1 in this cell line due to its low mRNA and protein expression. Instead, we employed human primary lymphatic endothelial cells (LECs) as a positive control for PROX1 nuclear localization. Indeed, our immunofluorescence (IF) assays using 4 different anti-PROX1 antibodies revealed that PROX1 protein was found mainly in the cytoplasm in BCPAP and TPC1 cells, whereas it is clearly localized to the nuclei of LECs ( Figure 3B ). Furthermore, we confirmed CAN-15-1199 this data by separating the nuclear vs. cytoplasmic fractions from each cell type, followed by western blot analyses for PROX1 ( Figure 3C ).
While the nuclear export of Drosophila Prospero protein, a homologue of PROX1, was efficiently inhibited by leptomycin B, which blocks the exportin-mediated nuclear export, the cytoplasmic mislocalization of PROX1 in thyroid cancer cells was not affected by leptomycin B, sodium azide (ATP depletion) or low temperature (Supplemental Fig. 2) . Interestingly, however, when we treated TPC1 cells with triiodothyronine (T3), the ligand for thyroid hormone receptor alpha (TRα), the cytoplasmic PROX1 signal increased, while the nuclear PROX1 signal correlatively diminished, resulting in a halolike appearance of PROX1 staining (Supplemental Fig. 3 ).
Considering that PROX1 mRNA and protein levels did not correlate in thyroid cancers, we asked whether the PROX1 cytoplasmic mislocalization enhances its protein stability. To compare PROX1 protein stability, LECs, BCPAP and TPC1 cells were treated with cycloheximide, and their cell lysates were harvested at different time points to determine PROX1 level. Notably, PROX1 was much more stable in BCPAP and TPC1 cells than in LECs ( Figure 3D,E) . In addition, we compared protein stability between the cytoplasmic and nuclear PROX1 in TPC1 cells and found that cytoplasmic PROX1 was much more stable than nuclear PROX1 in TPC1 cells ( Figure 3F,G) . Together, our studies show that PROX1 was mislocalized to the cytoplasm in thyroid cancer cells and subsequently gained protein stability, which accounts for the discrepancy in levels of PROX1 mRNA versus protein.
Restored PROX1 expression significantly impacts transcriptional profiles of thyroid cancer cells.
We investigated how PROX1 affects thyroid cancer gene expression profiles by restoring PROX1 expression in thyroid cancer cells. For this aim, we generated BCPAP cell lines that allow Doxycycline Fig. 4A,B) . With these PROX1-inducible cell lines, we evaluated the effect of restored PROX1 activity to the gene expression profiles of BCPAP cells. We first compared the gene expression profiles in PTCs vs. their neighboring normal tissues using two independent data sets, GSE3467 (n=9) (18) and GSE3678 (n=7), and identified 548 and 1,093 genes, respectively, that show > 2-fold changes (p < 0.05) in their expression. Next, we investigated how many of these genes are regulated by PROX1 by sequencing whole transcripts (RNASeq) from Dox-treated BCPAP-Prx and Dox-treated BCPAP-Ctr. This analysis revealed that PROX1 regulated 53 genes (9.6%) of the 548 genes for GSE3467, and 100 genes (9.1%) of the 1,093 genes for GSE3678 (> 2 fold changes) ( Figure 4A ). Interestingly, our IPA analyses using GSE3467 and GSE3678 data sets unexpectedly found that Wnt/β-catenin signaling is suppressed in the PTCs with statistically significant z-scores (-1.633 and -0.258, respectively) (Supplemental Fig. 5A,B) . In particular, the Wnt/β-catenin pathway genes that are (27) , were also found to be strongly regulated by PROX1 ( Figure 4E,F) . Fatty acid binding protein 4 (FABP4) and TCF7L1, which were strongly downregulated in PTCs, were found to be upregulated upon PROX1 re-expression. Moreover, we engineered another PTC cell line, TPC1, and an anaplastic thyroid carcinoma cell line, 8505c, to stably express PROX1, along with their respective control cells (termed TPC1-Ctr, TPC1-Prx, 8505c-Ctr and 8505c-Prx) and their successful PROX1 expression were confirmed (Supplemental Fig. 4C ). Like BCPAP, we observed the similar PROX1-mediated transcriptional regulation of the abovementioned genes in these additional cells lines (Supplemental Fig. 6 ). Taken together, our data show that restored PROX1 activity imposes a significant impact to the transcriptional profiles of thyroid cancer cells.
Restored PROX1 activity suppresses malignant phenotypes of thyroid cancer cells.
We next investigated the impact of restored PROX1 activity to thyroid cancer cell phenotypes and studied the effect of PROX1 re-expression on the single cell motility by allowing BCPAP-Ctr and BCPAP-Prx cells to migrate on the colloidal gold-covered surface in low serum media with or without Dox, and by measuring the average migration area of individual cells (Supplemental Fig. 7 ). Doxinduced PROX1 re-expression was found to significantly suppress BCPAP cell migration ( Figure 5A ). Dox treatment itself also caused a non-specific inhibition to control cell migration as previously reported (28) . In addition, the scratch assays showed that PROX1 re-expression inhibited BCPAP to recover the scratched wound area ( Figure 5B) . Thus, the individual cell motility test and the scratch assays convincingly demonstrated that PROX1 suppressed the migratory capacity of thyroid cancer cells.
Furthermore, cell adhesion assays revealed that PROX1 re-expression reduced the capability of BCPAP cells to adhere to the extracellular matrix ( Figure 5C ). We also found that PROX1 reexpression inhibited BCPAP cells to grow in soft agar gels and to form distinct colonies in an anchorage-independent manner, a key in vitro hallmark for tumor cell growth ( Figure 5D ). Similarly, we also verified that PROX1 re-expression inhibited the migration and adhesion of TPC1 and 8508c thyroid cancer cells (Supplemental Fig. 8A,B) , indicating the consistency of PROX1 function in suppressing the aggressive behavior of various thyroid cancer cells.
We next performed the Bromodeoxyuridine (BrdU)-based cell proliferation assay to assess the effect of PROX1 re-expression on the capacity of thyroid cancer cell growth. Flow cytometry analyses detected that Dox-mediated PROX1 re-expression inhibited BrdU incorporation by 15~25% in BCPAP cells ( Figure 6A ). From the same set of assays, PROX1 re-expression was found to reduce the number of polyploid cells ( > 4n) ( Figure 6B ). In addition, we investigated the effect of PROX1 re-expression on the invasive potential of BCPAP cells by embedding the cell spheroids in Matrigel matrix, and measuring the degree of smoothness of the leading front of the spheroid colonies. Indeed, while BCPAP cells showed sharp and jagged leading edges, PROX1 re-expression by Dox in BCPAP-Prx cells significantly suppressed these invasive phenotypes ( Figure 6C,D) . We also confirmed that restored PROX1 activity inhibited the cell cycle progression and polyploidy formation of TPC1 and 8505c cells (Supplemental Fig. 8C,D) . Together, PROX1 re-expression suppresses various carcinoma phenotypes of thyroid cancer cells.
Reinstated PROX1 expression inhibits the in vivo tumor phenotypes of thyroid carcinoma cells.
We next studied the effect of PROX1 re-expression on in vivo tumor development of thyroid cancer cells. BCPAP-Ctr or BCPAP-Prx cells were grafted into the back skin of immunodeficient NOD-SCID IL2Rγnull (NSG) mice and allowed to grow with or without Dox given to the mice through drinking water. After 4 weeks, tumors were harvested and the Dox-mediated PROX1 re-expression in the tumors was confirmed by IHC (Supplemental Fig. 9) . Notably, while BCPAP-Ctr cells formed tumors with comparable size and weight regardless of Dox administration, Dox-treated, thus Prox1-expressing, BCPAP-Prx cells generated much smaller tumors than untreated BCPAP-Prx cells did ( Figure 7A ). 
DISUCSSION
In this study, we demonstrated that PROX1 was inactivated by both transcriptional downregulation and protein mislocalization in various thyroid cancer cells. These initial observations brought up two important questions; (1) what are the molecular mechanisms for PROX1 downregulation and/or mislocalization and (2) what is the pathological significance of PROX1 inactivation in thyroid cancer pathogenesis? For the first question, we identified that the dysregulated NOTCH signal pathway is responsible for PROX1 mRNA downregulation in thyroid cancers, although we were unable to define the mechanism for the PROX1 mislocalization. For the second question, our in vitro and animal studies using multiple thyroid cancer cell lines, which were engineered to re-express PROX1, demonstrated how PROX1 inactivation could promote thyroid carcinoma development by profoundly enhancing their carcinoma phenotypes. This molecular nature of PROX1 is consistent with previous studies on the function of PROX1 in tumor development. Our study defined yet another mechanism to inactivate PROX1 activity in cancer cells, namely cytoplasmic mislocalization. PROX1 is a nuclear transcription factor with a nuclear localization signal (NLS) and principally resides in the nuclei of the normal cells. Interestingly, sequence analyses revealed that PROX1 harbors a classical nuclear export signal (NES) buried in the DNAbinding/Prospero homology domains (36) (37) (38) . On the other hand, cytoplasmic localization has been reported for certain mutants of PROX1 in gastric cancer and cholangiocarcinoma (37) (38) (39) (40) . Interestingly, an antibody-based Human Protein Atlas for an expression profile study (41) found that osteosarcoma Fig. 12 ). These data have led us to hypothesize that PROX1 protein, equipped with a functional NES, may well be able to relocate to the cytoplasm by a certain signal and condition, which has not been reported to date. It will be worthwhile identifying the activating signal as well as the underlying molecular mechanism.
We found that PROX1 re-expression significantly promoted Wnt/β-catenin signaling in thyroid cancer cells. PROX1 has previously been associated with Wnt/β-catenin signaling in different cancer cells.
Harboring TCF/LEF binding sites in its upstream region, the PROX1 gene was found to be directly regulated by Wnt/β-catenin signaling in colon cancer cells (29) (30) (31) . More recently, PROX1 has been reported to promote HCC cell proliferation by upregulating β-catenin and enhancing its nuclear localization (42) . However, we could not find evidence supporting the PROX1 regulation of β-catenin expression in thyroid cancer cells. Instead, PROX1 re-expression in thyroid cancer cells resulted in upregulation of TCF7L1 (Figure 4) . Notably, a previous study searching for genome-wide PROX1 binding sites (43) revealed that PROX1 binds to immediate downstream sequences of the TCF7L1 gene and to other thyroid cancer genes, such as TC-1 and SERPINA1, which were found to be regulated by PROX1 (Figure 4) . Although β-catenin protein was found in the nuclei of a large fraction of poorly and undifferentiated thyroid cancer cells, the protein was predominantly found in the cytoplasm of well-differentiated thyroid carcinoma (e.g., PTCs) (44) (45) (46) (47) , suggesting that the role of Wnt/β-catenin signaling in thyroid cancer development may be highly variant by tumor type, stage, differentiation status and/or other tumor features. It is worth noting that the role of Wnt/β-catenin signaling in the early stages of thyroid cancer progression and/or in well-differentiated thyroid cancer development remains a matter of debate, despite its clear roles in poorly and undifferentiated thyroid carcinoma (23) .
Similarly, discussion of the expression of NOTCH pathway genes as well as the role of NOTCH signal in thyroid cancer development has been largely unsettled. However, our comparative gene expression analyses using multiple sets of clinical specimen revealed that several NOTCH pathway genes were upregulated in thyroid cancer tissues and also identified that NOTCH is responsible for PROX1 downregulation in thyroid cancer cells (Figure 2 ). This result is consistent with our previous finding that two prominent NOTCH effectors, HEY1 and HEY2, directly bind to the promoter area of PROX1 gene and repress its expression (22) . Consistent with our findings, NOTCH1 receptors have previously been implicated as poor prognostic markers, along with other markers such as tumor size, nodal metastasis, capsular invasion, extra thyroidal extension and lymph node metastasis (21) . Moreover, kinase suppressor of RAS1 (KSR1), a scaffold protein implicated in RAS-mediated RAF activation, has recently been identified to upregulate NOTCH signal in PTC (48) . Nonetheless, studies have also reported the suppressive role of NOTCH in thyroid cancer development. For example, NOTCH has been shown to suppress growth of medullary and anaplastic thyroid cancers, and activation of NOTCH signal has accordingly been proposed as a possible therapeutic approach (49, 50) . Therefore, more studies will be needed to clearly define the effect of NOTCH in thyroid cancer development.
In closing, our study defined the pathological significance of PROX1 inactivation in malignant behavior of thyroid carcinoma cells. Based on our findings, we propose that PROX1 inactivation may present an important prerequisite event for thyroid cancer initiation and/or progression and, accordingly, reactivation of PROX1 could be considered a therapeutic approach to possibly intervene thyroid cancer progression. In future, it will be exciting to better understand the mechanism underlying PROX1 protein mislocalization, contribution of TGF-β signal to PROX1 downregulation, the effect of thyroid hormone in PROX1 expression and the role of PROX1 in the organogenesis and physiological functions of thyroid gland. Western blotting for PROX1 in the cytoplasmic (Cyto.) and nuclear (Nucl.) fractions (F). β-actin and lamin were also detected as the controls for the cytoplasmic and nuclear fractions, respectively.
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